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Abstract: We present the results of a systematic study of photoelectron emission from isolated
dielectric nanoparticles (SiO2) irradiated by intense 25 fs, 780 nm linearly polarized laser pulses as
a function of particle size (20 nm to 750 nm in diameter) and laser intensity. We also introduce an
experimental technique to reduce the effects of focal volume averaging. The highest photoelectron
energies show a strong size dependence, increasing by a factor of six over the range of particles
sizes studied at a fixed intensity. For smaller particle sizes (up to 200 nm), our findings agree
well with earlier results obtained with few-cycle, ∼4 fs pulses. For large nanoparticles, which
exhibit stronger near-field localization due to field-propagation effects, we observe the emission
of much more energetic electrons, reaching energies up to ∼200 times the ponderomotive energy.
This strong deviation in maximum photoelectron energy is attributed to the increase in ionization
and charge interaction for many-cycle pulses at similar intensities.
© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction
Isolated nanosystems such as clusters [1–4], nanoparticles [5–8], nanowires [9,10] and nanotips
[11,12] represent perfect test grounds for studies of light-matter interactions with increasing
levels of complexity. The ability to precisely synthesize these systems with desired shapes,
sizes, and composition [13,14] allows for a rich set of parameters, which can be utilized to study
various aspects of their response to an external optical field [15,16]. Photoelectron emission
represents one of the most fundamental types of such responses. Recently, considerable effort
has been spent to understand the electron dynamics in individual nanoparticles driven by intense,
femtosecond pulses, largely motivated by the vision of controlling electronic motion at the
nanoscale [6,12,17–22]. The results reveal many important features highlighting the transition
from atomic to bulk matter responses to intense fields. In particular, these spectra carry signatures
of many processes not present in atomic or molecular systems, such as dynamical many-particle
charge interactions [19] or laser induced near-field enhancements [6] and can be used to quantify
the latter [23,24].
In this work, we specifically focus on photoelectron emission from spherical SiO2 nanoparticles
irradiated by 780 nm, 25 fs (∼10 cycles) laser pulses as a function of particle size and laser
intensity. The local intensity is a key factor in determining the mechanisms and subtleties
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in the photoelectron emission. While the physical parameters of the nanoparticle target can
be well-defined, the effective laser intensity experienced by an individual nanoparticle is not
precisely known due to the inherent spatial distribution of the particle beam in the laser focus.
Nanoparticles in the wings of the laser focus necessarily experience a lower intensity than those
exposed to the center, peak intensity. Consequently, the measured observables, e.g., photoelectron
energy and angular distributions, effectively average over the spatial intensity distribution of the
laser field, which significantly complicates their interpretation and comparison with theory.
Here, we present an experimental technique aimed at studying both intensity- and size-
dependent photoelectron emission patterns from isolated nanoparticles. To avoid focal volume
averaging, we employ an approach conceptionally similar to the sorting technique proposed by
Gorkhover et al. [25] and extended by Andreasson et al. [26]. It is based, however, in our case
on using the number of emitted photoelectrons per laser shot for a given nanoparticle size as
a relative measure of the local laser intensity (i.e. the position of the particle within the laser
focus). By sorting results according to this observable, accurate energy- and angle-resolved
photoelectron spectra corresponding to a narrow incident laser intensity range within the laser
focus are obtained. We illustrate this technique using the strong-field electron emission from
SiO2 nanospheres.
The cutoff energy shows a strong size dependence, increasing by a factor of six over the range
of particle sizes studied at a fixed intensity. We compare our results to earlier data obtained using
few-cycle pulses [19]. This comparison is performed by normalizing the measured cutoff energy
to the so-called ponderomotive potential Up = e
2I
2c0meω2
(the cycle-averaged quiver energy of a
free electron in an electromagnetic field) to account for the somewhat different intensities and
wavelengths used in both measurements. (Here, ω is the frequency of the oscillating electric
field, I - its intensity, e and me – electron charge and mass, respectively). For small particle sizes
(diameter d ≤ 200 nm) our results agree well with those for few-cycle pulses [19]. However, for
larger nanoparticles, for which the dimensionless Mie size parameter ρ= pid / λ (where λ is the
incident light wavelength) starts to exceed unity, we observe the emission of significantly more
energetic electrons. These photoelectron energies reach up to 200 Up for the largest particles
studied. In line with earlier theoretical considerations [27], we qualitatively attribute this effect
to the stronger near-field localization for larger particles and simultaneously increased charge
creation and interaction for longer pulses.
2. Photoelectron emission from nanoscale particles
Detailed information on the interaction dynamics of a femtosecond laser pulse with a nanoparticle
can be imprinted in the properties of the emitted photoelectrons. At sufficiently high intensities,
multi-photon or tunnel ionization of the nanoparticle occurs. In the atomic case, an emitted
photoelectron propagates in the continuum driven by the oscillating laser field where it can gain
additional energy. In a simple, semi-classical picture for a linearly polarized field, a “direct”
electron (i.e., the electron which does not interact with its parent ion after ionization) can gain
up to 2 Up of kinetic energy [28]. Photoelectrons driven back to the parent ion can gain larger
energies, reaching values up to ∼10 Up (often called “the photoelectron cutoff”) for elastically
backscattered electrons [28,29].
Analogous to the atomic case, photoelectrons emitted from nanoparticles can be driven back
by the oscillating laser field and interact with the particle surface. However, as a nanoparticle
is made up of many thousands to millions of individual atoms, many-atom bulk properties
significantly alter the photoelectron rescattering processes (elastic or inelastic). The electron
propagates within an effective field consisting of the driving laser field, induced near-field of
the particle, the “trapping potential” of the left-behind surface ions, and the field created by
the interaction with other photoelectrons [17,19,27,30]. Each of these contributions can affect
the trajectories and momenta of the freed electrons. The spatial distribution of the induced
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near-field depends strongly on the size of the system, described by the Mie size parameter ρ
[17,19]. The near-field resembles a dipole-like distribution when ρ<<1, mainly consisting of
radial field components (with respect to the laser polarization) resulting in a predominantly radial
acceleration for the scattered electrons. However, when ρ ≥ 1, the dipole distribution begins to
break down and higher-order terms significantly contribute, resulting in a shift of the maximum
near-field enhancement towards the propagation direction. Previous theoretical work has shown
that charge creation and interaction is enhanced in this regime and contributes to the electron
acceleration [27]. Calculated spatial distributions of near-field enhancements illustrating the
transition discussed above can be found in [19,27].
Thus, the photoelectron emission properties, in particular, the cutoff energy, can be expected
to sensitively depend on both nanoparticle properties (composition, shape, size) and laser pulse
characteristics (wavelength, peak intensity, pulse duration). Understanding of how the interplay
of these factors shapes the photoelectron emission pattern and determines the highest electron
kinetic energy is the main goal of this work.
3. Experimental apparatus
Our experiments made use of intense 25 fs, 780 nm laser pulses produced with a chirped pulse
amplification (CPA) Ti:Sapphire “PULSAR” laser system running at 10 kHz [31]. Pulse energies
for this experiment ranged from 40 µJ to 80 µJ. These laser pulses were focused onto a continuous
nanoparticle beam inside a velocity map imaging (VMI) spectrometer. The overall configuration
of the experiment is similar to the setup described in [32]. The aerosol-based nanoparticle source
delivered a beam of isolated nanoparticles propagating in vacuum. Briefly, a suspension of
silica (SiO2) nanoparticles in water was aerosolized and a solid-state membrane dryer selectively
removed the solvent (water) from the carrier gas (N2). An aerodynamic lens was used to focus
the nanoparticles to increase the beam density while a three-stage differential pumping system
removes excess carrier gas in vacuum [33,34]. The nanoparticle beam created in this manner is
often referred to as a “gas-phase” nanoparticle target to highlight that the nanoparticles in the
beam are isolated and substrate-free [6,16,19]. At the 10 kHz repetition rate used, the propagation
velocity of the nanoparticle beam was large enough to guarantee a fresh nanoparticle target
for each laser shot. Spherical silica nanoparticle samples (nanoComposix, Inc.) ranging from
20 nm to 750 nm (silanol surface coating) were custom ordered specifically for their narrow
size distribution (<10%), solvent choice and overall purity. The initial number concentration
of each sample was experimentally determined to minimize the probability of more than one
nanoparticle per aerosol droplet (cluster formation) while also ensuring less than one particle in
the interaction volume per laser shot.
A thick-lens, high-energy VMI spectrometer, [35] shown in Fig. 1, resolved the angular and
momentum distribution of all emitted photoelectrons. The spectrometer was able to detect
electrons up to 240 eV electron energy and was operated in counting mode. The use of a
single-shot camera coupled with a real-time hit finding routine allows for the electron spectra
to be captured for each laser shot. Since for the largest nanoparticles used in this work, the
electron emission pattern is not cylindrically symmetric with respect to the laser polarization, a
systematic inversion of the VMI images yielding full 3D electron momentum distributions for the
whole data set was not feasible. As we were particularly interested in the most energetic (cutoff)
photoelectrons, for which the upper energy boundaries of the full 3D momentum sphere and
of the VMI image scaled in units of momentum (i.e., the 2D projection of the full momentum
sphere onto the detector plane) are essentially the same, we restrict ourselves to the non-inverted
data throughout the paper.
The peak laser intensity was determined by analyzing the above-threshold ionization (ATI)
electron energy distribution of atomic Xe from an effusive jet. We used the ponderomotive shift
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Fig. 1. High energy velocity map imaging (VMI) spectrometer coupled to nanoparticle
source. The dilute beam of isolated gas-phase nanoparticles is injected into vacuum and
focused by an aerodynamic lens to interact with a 780 nm, 25 fs, 10kHz laser source. Emitted
electrons are focused onto the MCP/phosphor assembly where a single-shot camera records
the electron spectra for each laser shot
of the Xe ATI comb, measured as a function of laser pulse energy, to derive the ponderomotive
energy and, thus, the peak laser intensity [36].
4. Near-single intensity photoelectron imaging
As discussed in the introduction, the nanoparticles in gas-phase experiments typically experience
a broad range of laser intensities due to the spatial intensity distribution across the laser focus.
The measured observables, e.g., photoelectron energy and angular distributions, are effectively
averaged over this intensity distribution of the interaction. For photoionization experiments with
isolated atoms and molecules in a multiphoton or tunneling regime, this issue is often somewhat
less critical because of the highly non-linear dependence of the ionization probability (and,
thus, of the photoelectron yield) on the intensity of the laser, such that the vast majority of the
events contributing to the observed spectra originate from a (small) volume corresponding to the
peak intensity value. For a nanoscale system, where the number of emitted photoelectrons as
a function of the laser intensity is nearly linear [6,27], the resulting spectra directly reflect the
spatial profile of the laser focus, heavily favoring the regions with lower intensities which have
larger focal volumes.
Here, our “intensity binning” technique allows for the study of intensity and size dependent
photoelectron emission patterns from gas-phase nanoparticles, while to a large extent avoiding
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focal volume averaging. The method uses the number of emitted photoelectrons per laser shot for
a given nanoparticle size as a relative measure of the local laser intensity and, thus, the position
of the nanoparticle within the laser focus. To achieve this, a histogram (Fig. 2(a)) showing
the number of detected electrons per laser shot is constructed for a measurement performed
under a particular set of conditions (fixed peak laser intensity and nanoparticle size). When
compared to the background scan (black), the deviation at larger number of electrons per laser
shot shows the contribution from the nanoparticles above the background level. A series of bins
(grey boxes) are positioned on the histogram, selecting only the laser shots containing this range
of electrons for further analysis. The extended width of the histogram in Fig. 2(a) is indicative
of the nanoparticle beam sampling the entire laser focus (focal volume averaging). The inset
cross-sectional schematic of a Gaussian focus shows how the different ‘bins’ map to distinct focal
positions, with the focus center containing the peak intensity and the smallest volume.
Figure 2(b) portrays a typical histogram from 120 nm SiO2 nanoparticles as a function of peak
laser intensity from 8.8× 1012 W/cm2 to 1.8× 1013 W/cm2. The photoelectron yield increases
monotonically with laser intensity as does the cutoff energy. As the intensity grows, the focal
volume where ionization occurs also increases. The highest energy photoelectrons originate
from ionization events that occur in the central, peak intensity region of the laser focus.
Figure 2(c) shows the full photoelectron angular distribution from the summation of all the laser
shots contributing to a specific intensity bin as chosen in Fig. 2(a). These are 2D, non-inverted
VMI images scaled in units of electron momentum. As the number of electrons per laser shot
increases, the photoelectron momentum and angular distributions clearly changes. Each bin
illustrates the contributions from a particular intensity range within the focus, with distinct
differences highlighted between the smallest and largest bin. The full, or integrated, VMI image
shows all photoelectron contributions above the background threshold and thus is subjected to
this volumetric weighting. This binning technique allows for near-single intensity photoelectron
spectra to be obtained and focal volume averaging to be minimized. To analyze the photoelectron
emission patterns more quantitatively as a function of bin selection, the radial distribution of
each binned 2D VMI image, rescaled to units of energy, is shown in Fig. 2(d). As mentioned in
section 3, the VMI images for the largest nanoparticle sizes are not cylindrically symmetric with
respect to the polarization and, therefore, the entire data set was not inverted. However, the upper
energy boundaries of the 2D projection versus the full 3D momentum sphere are effectively the
same.
The radial distribution of each bin, including the integrated spectra, was vertically shifted until
their high energy tails overlapped with that of the background. As the background distribution
originates from the laser shots that do not contain any nanoparticles in the laser focus, it represents
a good reference to compare to the photoelectrons emerging from a nanoparticle. The cutoff
energy was defined as the photoelectron energy for which the nanoparticle signal statistically
falls into the background. Arrows in Fig. 2(d) show the cutoff values determined for each
image presented in Fig. 2(c). It can be clearly seen that each bin with a larger number of
electrons (i.e. resulting from a higher local laser intensity) also has a larger cutoff energy. An
additional noteworthy observation is that the integrated spectrum (dashed red line) coincides
with the distribution for the largest bin (200-270 detected electrons, green line in Fig. 2(d)) at
high electron energies, indicating that the cutoff energies for the largest bin and the integrated
spectra are essentially the same. This confirms that the highest energy photoelectrons are emitted
from the nanoparticles experiencing the largest intensity, necessitating the cutoffs for the largest
bin and for the integrated distribution in an “ideal” experiment to be equivalent. We used the
integrated spectra when determining the photoelectron cutoff for our subsequent data.
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Fig. 2. a) Histogram showing the number of laser shots occurring with a given number of
photoelectrons detected for 120 nm SiO2 at 1.3× 1013 W/cm2. The background (black) data
was measured under identical conditions but without nanoparticles present. A representative
transverse slice of a Gaussian focus (inset) depicts the different contributions as a function
of focal position. b) Similar histogram for the same particle size but multiple peak laser
intensities (I0 = 8.8× 1012 W/cm2). c) VMI momentum images (rescaled to atomic units
(a.u.) of momentum) from the corresponding ‘bins’ of the histogram chosen in Fig. 2(a).
Each image is the summation of the electron spectra from all laser shots within each ‘bin’.
The integrated image includes all laser shots above the background level. Color bar in log
scale. d) Radial distribution of 2D VMI images shown in Fig. 2(c) scaled to units of energy.
Only the electrons emitted in a 30° full-opening angle slice along the polarization direction
are included. Each ‘bin’ corresponds to a different sampling of the laser focal volume by
using the number of electrons per shot as a guide. The colored arrows indicate the location
of the determined cutoff (i.e., the photoelectron energy for which nanoparticle electron
spectra start to coincide with the background) for that particular bin. The dash-dotted red
line depicts the rescaled radial distribution from all laser shots above the background and
shows how a relatively good electron cutoff energy can be determined with a coarse ‘binning’
procedure, granted this includes the contributions from the largest number of electrons per
shot.
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5. Size dependent photoelectron emission
Spherical silica nanoparticles of 20, 50, 80, 120, 200, 400, and 750 nm diameter were studied at
three different peak intensities of 8.8× 1012, 1.3× 1013, and 1.8× 1013 W/cm2. Figure 3 shows a
representative selection of non-inverted 2D integrated VMI images from 20, 120, and 400 nm
particles at these three peak intensities. Each row shows how the photoelectron spectra changed
with increasing laser intensity but for a fixed particle diameter. At larger intensities, the electron
momentum distribution extends to larger values (i.e. the cutoff energy increases) while the
emission pattern becomes somewhat elongated along the polarization direction. Following a
specific column in Fig. 3 shows how the emission pattern depends on the particle size at a fixed
laser intensity. An increase in the particle diameter leads to more energetic electrons along with
different angular distributions.
Fig. 3. Collection of integrated VMI images (rescaled to atomic units (a.u.) of momentum)
as a function of diameter and peak laser intensity. Horizontal rows show the images for a
constant nanoparticle diameter whereas vertical columns correspond to a fixed laser intensity.
Dotted cross-hairs are placed at center of VMI images. Io = 8.8× 1012 W/cm2. Color bar in
log scale.
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An obvious asymmetry in the photoelectron distribution can be seen along the propagation
direction, especially for the 400 nm nanoparticles (bottom row of Fig. 3). This has been
previously observed in [19] where, for few-cycle pulses, the carrier-envelope phase dependent
part of the most energetic electron emission showed direct mapping of the induced near-field
of the nanoparticle. Here, for ρ ≥ 1, contributions from higher-order multipoles result in the
asymmetry. These propagation effects are also referred to as nano-focusing and result in stronger
field localization towards the propagation axis and larger field enhancements [37].
Figure 4 plots the cutoff energy of the photoelectron spectra as a function of nanoparticle size
and laser intensity. The overall trend indicates a monotonic increase of absolute cutoff energy
for both increasing diameter and incident laser intensity. Remarkably, the largest nanoparticle
(750 nm) emits electrons almost six times more energetic than the smallest (20 nm) nanoparticle,
irradiated by the laser pulses of the same peak intensity. It should be noted that because of
detector saturation caused by a large increase in the photoelectron yield, we were unable to
reliably determine a cutoff value from the photoelectron images measured for 750 nm particles at
the peak intensities exceeding I0 = 8.8× 1012 W/cm2 (see [22] for details).
Fig. 4. Photoelectron cutoff energy as a function of SiO2 nanoparticle size (bottom axis)
and Mie size parameter (top axis) for three different peak laser intensities. Electron cutoff
energy found using integrated non-inverted VMI images as seen in Fig. 3 and taking a radial
distribution (scaled to energy units) as shown in Fig. 2(d). Particle diameters range from
20 - 750 nm. Io = 8.8× 1012 W/cm2. Inset shows the squared maximum near-field intensity
calculated by numerically solving the Mie equations as described in [38].
Qualitatively, there are two main factors which are likely to contribute to this electron energy
increase. The first one is the size dependence of the near-field enhancement. As shown in
the inset of Fig. 4, the maximal increase in local intensity due to the near-field, which is
proportional to the square of the field, increases by a factor of ∼2.5 over the range of particles
sizes studied [38]. Therefore, even though the near-field enhancement significantly contributes
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to the size-dependence of the maximum photoelectron energy, it does not fully account for the
magnitude of the observed increase. The second major contributing factor to this increased
cutoff energy is the larger total number of emitted electrons for larger particles, which results in
enhanced charge interactions [19].
In order to reveal the effect of the incident light intensity, in Fig. 5 we plot the same results
presented in Fig. 4 but with the cutoff photoelectron energies normalized by the ponderomotive
energy, Up, which scales linearly with intensity (open symbols). To facilitate the comparison
with earlier data obtained at a different wavelength, in this graph we plot the results as a function
of the Mie size parameter ρ, which is scaled to the wavelength. As can be seen from Fig. 5,
normalization in units of Up yields a nearly intensity-independent cutoff value in units of Up for
each nanoparticle size. This indicates that, for the diameter and intensity range studied here, the
electron cutoff energy scales linearly with peak driving laser intensity. We would like to point out
that even though the exact cutoff values for 750 nm particles could be quantitatively determined
only for the lowest intensity studied, the data taken at higher intensities do show an increase of
electron energies consistent with the linear intensity dependence of the cutoff energy as observed
for the other particle sizes.
Fig. 5. Size dependent photoelectron cutoff energy values from SiO2 nanoparticles
normalized in units of the ponderomotive potential, UP, as a function of the Mie size
parameter. Open circles: electron cutoff values from the present work (25 fs pulses, central
wavelength 780 nm) for three different intensities. Io = 8.8×1012 W/cm2. Black squares:
data from Süßmann et al. [19] (4 fs pulses, central wavelength 720 nm, intensity 3×1013
W/cm2).
This observation agrees well with the findings of earlier studies on SiO2 particles with a
comparable intensity range [19,39], as well as with the theoretical results using a quasi-classical
mean-field Mie Monte Carlo (M3C) simulations [19]. As can be seen from Fig. 5, where the
experimental results from [19] are plotted as black squares, the cutoff energy values obtained in
the present work agrees with the results for few-cycle pulses at small Mie parameters. However,
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our results for 25 fs pulses quickly diverge towards much larger cutoff energies for Mie size
parameters larger than 1 than what was observed with few-cycle laser pulses.
In the theoretical results of [19,27,30], the overall increase of cutoff energies with particle
size was explained by linear near-field enhancement (cf. inset in Fig. 4), and nonlinear charge
interactions. The latter consist of mainly two contributions: (i) a trapping field forming near the
surface mediated by residual ions, and assisted backscattering during the recollision phase and
(ii) Coulomb explosion of the emitted electron bunch. The total number of created electrons,
which in the present work ranges from a couple of hundred to a few thousand per laser shot
across the parameter range studied (see [22] for details), with a longer laser pulse (25 fs in this
study) is effectively larger than for a few-cycle pulse (4 fs employed in [19]) of the same peak
intensity. Therefore, for longer pulses, a deeper trapping potential enhances the energy gain
from the recollision process. Furthermore, an increased number of emitted electrons contributes
to a rise in cutoff energies due to the repulsive forces within the electron bunch. While both
processes (trapping field and Coulomb explosion) explain higher cutoffs for longer pulses, we
have observed that the pulse duration dependence is not clearly distinguishable for Mie parameters
smaller 1. A tentative explanation might be derived from previous theoretical work, where the
contribution of these nonlinear acceleration processes was studied as a function of particle size
[27] . It was found that the trapping field contribution (in units of Up) remains roughly constant,
while the Coulomb explosion contribution grows significantly for larger particles due to the
stronger confinement of the initial electron bunch. We thus tentatively attribute the observed
size dependence to the important role of field confinement and stronger repulsion between
emitted electrons. A more definite and quantitative explanation of the observed pulse duration
dependence, however, requires the challenging extension of the theoretical analysis performed in
[27] to longer, multi-cycle pulses.
6. Conclusion
In this work, we have presented the results of the systematic study of laser-induced photoelectron
emission from dielectric nanoparticles (SiO2) as a function of particle size (ranging from 20 nm
to 750 nm) and introduced an experimental technique which visualized the effects of focal volume
averaging on the photoelectron spectra of gas-phase nanoscale targets.
Our approach is based on using the number of emitted photoelectrons per laser shot for a
given nanoparticle size as a relative measure of the local laser intensity (i.e. the position of the
particle within the laser focus). By sorting results according to this observable, accurate energy-
and angle-resolved photoelectron spectra corresponding to a specific incident laser intensity
range can be obtained. At the same time, we demonstrate that the maximal photoelectron energy
(the photoelectron cutoff) can be accurately extracted from the focal-volume integrated data.
While the cutoff energy increases nearly linearly with the peak laser intensity, it also strongly
depends on the particle size, for a fixed intensity increasing by almost a factor of six over the
range of particles diameters studied. Comparison of the size-dependent field enhancement factors
and the observed increase in electron cutoff energies confirm that both the enhancement of the
near-field and charge interactions are important for the formation of the high-energy part of the
photoelectron spectrum.
Comparing our results obtained with a 25 fs pulse duration with earlier data for few-cycle (4
fs) pulses [19], we observe that, when scaled to the ponderomotive energy, Up, both data sets
agree well at small Mie size parameter (ρ <<1), whereas, within the studied intensity and Mie
parameters, for increasing particle size (ρ ≥ 1) the longer pulses produce much more energetic
electrons. This difference correlates with stronger localization of the induced near-field on the
nanoparticle due to propagation effects. In view of earlier theoretical analysis, our data suggest
that this pulse duration dependence is due to an increase in charge creation and interaction with
longer pulses, resulting in the additional energy gain [27]. Our findings demonstrate that the
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transition from few-cycle to multiple-cycle pulses can drastically change the response of nanoscale
objects to an intense laser field. These results are expected to be relevant for the strong-field
induced electron emission from other nano-scale targets with size-dependent near-field structure,
in particular, plasmonic nanotips [11,12].
Funding
Air Force Office of Scientific Research (FA9550-17-1-0369); U.S. Department of Energy, Office
of Science, Basic Energy Sciences, Chemical Sciences, Geosciences, and Bioscience Division
(DE-FG02-86ER13491, DE-FG02-09ER16115); Deutsche Forschungsgemeinschaft (Kl-1439/8-
2 (SPP1840)); National Defense Science and Engineering Graduate (Graduate Fellowship);
Munich-Centre for Advanced Photonics; Max-Planck-Gesellschaft.
Acknowledgments
We thank Vinod Kumarappan, Varun Makhija and Aram Vajdi for providing the hit finding
software for VMI data acquisition and analysis, andYubarajMalakar for help with the spectrometer
design and commissioning.
References
1. T. Lünskens, P. Heister, M. Thämer, C. A. Walenta, A. Kartouzian, and U. Heiz, “Plasmons in supported size-selected
silver nanoclusters,” Phys. Chem. Chem. Phys. 17(27), 17541–17544 (2015).
2. T. Ditmire, J. Zweiback, V. P. Yanovsky, T. E. Cowan, G. Hays, and K. B. Wharton, “Nuclear fusion from explosions
of femtosecond laser-heated deuterium clusters,” Nature 398(6727), 489–492 (1999).
3. J. Passig, R. Irsig, N. X. Truong, T. Fennel, J. Tiggesbaumker, and K. H. Meiwes-Broer, “Nanoplasmonic electron
acceleration in silver clusters studied by angular-resolved electron spectroscopy,” New J. Phys. 14(8), 085020 (2012).
4. C. Varin, C. Peltz, T. Brabec, and T. Fennel, “Light wave driven electron dynamics in clusters,” Ann. Phys. 526(3-4),
135–156 (2014).
5. L. Seiffert, Q. Liu, S. Zherebtsov, A. Trabattoni, P. Rupp, M. C. Castrovilli, M. Galli, F. Süßmann, K. Wintersperger,
J. Stierle, G. Sansone, L. Poletto, F. Frassetto, I. Halfpap, V. Mondes, C. Graf, E. Rühl, F. Krausz, M. Nisoli, T.
Fennel, F. Calegari, and M. F. Kling, “Attosecond chronoscopy of electron scattering in dielectric nanoparticles,”
Nat. Phys. 13(8), 766–770 (2017).
6. S. Zherebtsov, T. Fennel, J. Plenge, E. Antonsson, I. Znakovskaya, A. Wirth, O. Herrwerth, F. Süßmann, C. Peltz,
I. Ahmad, S. A. Trushin, V. Pervak, S. Karsch, M. J. J. Vrakking, B. Langer, C. Graf, M. I. Stockman, F. Krausz,
E. Rühl, and M. F. Kling, “Controlled near-field enhanced electron acceleration from dielectric nanospheres with
intense few-cycle laser fields,” Nat. Phys. 7(8), 656–662 (2011).
7. F. Süßmann and M. F. Kling, “Attosecond nanoplasmonic streaking of localized fields near metal nanospheres,” Phys.
Rev. B 84(12), 121406 (2011).
8. J. Li, E. Saydanzad, and U. Thumm, “Imaging Plasmonic Fields with Atomic Spatiotemporal Resolution,” Phys. Rev.
Lett. 120(22), 223903 (2018).
9. A. M. Summers, A. S. Ramm, G. Paneru, M. F. Kling, B. N. Flanders, and C. A. Trallero-Herrero, “Optical damage
threshold of Au nanowires in strong femtosecond laser fields,” Opt. Express 22(4), 4235 (2014).
10. A. V. Akimov, A. Mukherjee, C. L. Yu, D. E. Chang, A. S. Zibrov, P. R. Hemmer, H. Park, and M. D. Lukin,
“Generation of single optical plasmons in metallic nanowires coupled to quantum dots,” Nature 450(7168), 402–406
(2007).
11. M. Krüger, M. Schenk, and P. Hommelhoff, “Attosecond control of electrons emitted from a nanoscale metal tip,”
Nature 475(7354), 78–81 (2011).
12. G. Herink, D. R. Solli, M. Gulde, and C. Ropers, “Field-driven photoemission from nanostructures quenches the
quiver motion,” Nature 483(7388), 190–193 (2012).
13. X. Lu, M. Rycenga, S. E. Skrabalak, B. Wiley, and Y. Xia, “Chemical Synthesis of Novel Plasmonic Nanoparticles,”
Annu. Rev. Phys. Chem. 60(1), 167–192 (2009).
14. M. Grzelczak, J. Pérez-Juste, P. Mulvaney, and L. M. Liz-Marzán, “Shape control in gold nanoparticle synthesis,”
Chem. Soc. Rev. 37(9), 1783 (2008).
15. M. I. Stockman, “Nanoplasmonics: past, present, and glimpse into future,” Opt. Express 19(22), 22029 (2011).
16. P. Hommelhoff and M. F. Kling, Attosecond Nanophysics: From Basic Science to Applications (Wiley Blackwell,
2015).
17. S. Zherebtsov, F. Süßmann, C. Peltz, J. Plenge, K. J. Betsch, I. Znakovskaya, A. S. Alnaser, N. G. Johnson, M. Kübel,
A. Horn, V. Mondes, C. Graf, S. A. Trushin, A. Azzeer, M. J. J. Vrakking, G. G. Paulus, F. Krausz, E. Rühl, T.
Fennel, and M. F. Kling, “Carrier–envelope phase-tagged imaging of the controlled electron acceleration from SiO 2
nanospheres in intense few-cycle laser fields,” New J. Phys. 14(7), 075010 (2012).
Research Article Vol. 27, No. 19 / 16 September 2019 /Optics Express 27135
18. P. Dombi, A. Hörl, P. Rácz, I. Márton, A. Trügler, J. R. Krenn, and U. Hohenester, “Ultrafast Strong-Field
Photoemission from Plasmonic Nanoparticles,” Nano Lett. 13(2), 674–678 (2013).
19. F. Süßmann, L. Seiffert, S. Zherebtsov, V. Mondes, J. Stierle, M. Arbeiter, J. Plenge, P. Rupp, C. Peltz, A. Kessel, S.
A. Trushin, B. Ahn, D. Kim, C. Graf, E. Rühl, M. F. Kling, and T. Fennel, “Field propagation-induced directionality
of carrier-envelope phase-controlled photoemission from nanospheres,” Nat. Commun. 6(1), 7944 (2015).
20. S. A. Maier, P. G. Kik, H. A. Atwater, S. Meltzer, E. Harel, B. E. Koel, and A. A. G. Requicha, “Local detection of
electromagnetic energy transport below the diffraction limit in metal nanoparticle plasmon waveguides,” Nat. Mater.
2(4), 229–232 (2003).
21. Q. Liu, S. Zherebtsov, L. Seiffert, S. Skruszewicz, D. Zietlow, S. Ahn, P. Rupp, P. Wnuk, S. Sun, A. Kessel, S.
Trushin, A. Schlander, D. Kim, E. Rühl, M. F. Ciappina, J. Tiggesbäumker, M. Gallei, T. Fennel, and M. F. Kling,
“All-optical spatio-temporal control of electron emission from SiO2 nanospheres with femtosecond two-color laser
fields,” New J. Phys. 21(7), 073011 (2019).
22. J. Powell, “Strong-field driven dynamics of metal and dielectric nanoparticles,” Kansas State University (2017).
23. S. Thomas, M. Krüger, M. Förster, M. Schenk, and P. Hommelhoff, “Probing of optical near-fields by electron
rescattering on the 1 nm scale,” Nano Lett. 13(10), 4790–4794 (2013).
24. P. Rácz, Z. Pápa, I. Márton, J. Budai, P. Wróbel, T. Stefaniuk, C. Prietl, J. R. Krenn, and P. Dombi, “Measurement of
Nanoplasmonic Field Enhancement with Ultrafast Photoemission,” Nano Lett. 17(2), 1181–1186 (2017).
25. T. Gorkhover, M. Adolph, D. Rupp, S. Schorb, S. W. Epp, B. Erk, L. Foucar, R. Hartmann, N. Kimmel, K.-U. Kühnel,
D. Rolles, B. Rudek, A. Rudenko, R. Andritschke, A. Aquila, J. D. Bozek, N. Coppola, T. Erke, F. Filsinger, H. Gorke,
H. Graafsma, L. Gumprecht, G. Hauser, S. Herrmann, H. Hirsemann, A. Hömke, P. Holl, C. Kaiser, F. Krasniqi, J.-H.
Meyer, M. Matysek, M. Messerschmidt, D. Miessner, B. Nilsson, D. Pietschner, G. Potdevin, C. Reich, G. Schaller, C.
Schmidt, F. Schopper, C. D. Schröter, J. Schulz, H. Soltau, G. Weidenspointner, I. Schlichting, L. Strüder, J. Ullrich,
T. Möller, and C. Bostedt, “Nanoplasma Dynamics of Single Large Xenon Clusters Irradiated with Superintense
X-Ray Pulses from the Linac Coherent Light Source Free-Electron Laser,” Phys. Rev. Lett. 108(24), 245005 (2012).
26. J. Andreasson, A. V. Martin, M. Liang, N. Timneanu, A. Aquila, F. Wang, B. Iwan, M. Svenda, T. Ekeberg, M.
Hantke, J. Bielecki, D. Rolles, A. Rudenko, L. Foucar, R. Hartmann, B. Erk, B. Rudek, H. N. Chapman, J. Hajdu, and
A. Barty, “Automated identification and classification of single particle serial femtosecond X-ray diffraction data,”
Opt. Express 22(3), 2497 (2014).
27. L. Seiffert, F. Süßmann, S. Zherebtsov, P. Rupp, C. Peltz, E. Rühl, M. F. Kling, and T. Fennel, “Competition of single
and double rescattering in the strong-field photoemission from dielectric nanospheres,” Appl. Phys. B: Lasers Opt.
122(4), 101 (2016).
28. B. Walker, B. Sheehy, K. C. Kulander, and L. F. DiMauro, “Elastic Rescattering in the Strong Field Tunneling Limit,”
Phys. Rev. Lett. 77(25), 5031–5034 (1996).
29. G. G. Paulus, W. Becker, W. Nicklich, and H. Walther, “Rescattering effects in above-threshold ionization: a classical
model,” J. Phys. B: At., Mol. Opt. Phys. 27(21), L703–L708 (1994).
30. L. Seiffert, P. Henning, P. Rupp, S. Zherebtsov, P. Hommelhoff, M. F. Kling, and T. Fennel, “Trapping field assisted
backscattering in strong-field photoemission from dielectric nanospheres,” J. Mod. Opt. 64(10-11), 1096–1103
(2017).
31. X. Ren, A. M. Summers, K. Raju P, A. Vajdi, V. Makhija, C. W. Fehrenbach, N. G. Kling, K. J. Betsch, Z. Wang, M.
F. Kling, K. D. Carnes, I. Ben-Itzhak, C. Trallero-Herrero, and V. Kumarappan, “Single-shot carrier-envelope-phase
tagging using an f –2 f interferometer and a phase meter: a comparison,” J. Opt. 19(12), 124017 (2017).
32. F. Süßmann, S. Zherebtsov, J. Plenge, N. G. Johnson, M. Kübel, A. M. Sayler, V. Mondes, C. Graf, E. Rühl, G. G.
Paulus, D. Schmischke, P. Swrschek, and M. F. Kling, “Single-shot velocity-map imaging of attosecond light-field
control at kilohertz rate,” Rev. Sci. Instrum. 82(9), 093109 (2011).
33. P. Liu, P. J. Ziemann, D. B. Kittelson, and P. H. McMurry, “Generating Particle Beams of Controlled Dimensions
and Divergence: I. Theory of Particle Motion in Aerodynamic Lenses and Nozzle Expansions,” Aerosol Sci. Technol.
22(3), 293–313 (1995).
34. P. S. K. Liu, R. Deng, K. A. Smith, L. R. Williams, J. T. Jayne, M. R. Canagaratna, K. Moore, T. B. Onasch, D.
R. Worsnop, and T. Deshler, “Transmission Efficiency of an Aerodynamic Focusing Lens System: Comparison
of Model Calculations and Laboratory Measurements for the Aerodyne Aerosol Mass Spectrometer,” Aerosol Sci.
Technol. 41(8), 721–733 (2007).
35. N. G. Kling, D. Paul, A. Gura, G. Laurent, S. De, H. Li, Z. Wang, B. Ahn, C. H. Kim, T. K. Kim, I. V. Litvinyuk,
C. L. Cocke, I. Ben-Itzhak, D. Kim, and M. F. Kling, “Thick-lens velocity-map imaging spectrometer with high
resolution for high-energy charged particles,” J. Instrum. 9(05), P05005 (2014).
36. A. Summers, “Strong-field interactions in atoms and nanosystems: advances in fundamental science and technological
capabilities of ultrafast sources,” Kansas State University (2019).
37. S. J. Peppernick, A. G. Joly, K. M. Beck, and W. P. Hess, “Near-field focused photoemission from polystyrene
microspheres studied with photoemission electron microscopy,” J. Chem. Phys. 137(1), 014202 (2012).
38. E. LeRu and P. Etchegoin, Principles of Surface-Enhanced Raman Spectroscopy: And Related Plasmonic Effects
(Elsevier, 2008).
39. P. Rupp, L. Seiffert, Q. Liu, F. Süßmann, B. Ahn, B. Förg, C. G. Schäfer, M. Gallei, V. Mondes, A. Kessel, S. Trushin,
C. Graf, E. Rühl, J. Lee, M. S. Kim, D. E. Kim, T. Fennel, M. F. Kling, and S. Zherebtsov, “Quenching of material
dependence in few-cycle driven electron acceleration from nanoparticles under many-particle charge interaction,” J.
Mod. Opt. 64(10-11), 995–1003 (2017).
